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Implicit Navier-Stokes Solver for Three-Dimensional
Compressible Flows

Seokkwan Yoon* and Dochan Kwak+¥
NASA Ames Research Center, Moffett Field, California 94035

A three-dimensional numerical method based on the lower-upper symmetric-Gauss-Seidel implicit scheme in
conjunction with the flux-limited dissipation model is developed for solving the compressible Navier-Stokes
equations. A new computer code based on this method requires only 9 us per grid point per iteration on a single
processor of a Cray YMP computer and executes at the sustained rate of 175 MFLOPS. A reduction of three
orders of magnitude in the residual for a high-Reynolds-number flow using 636K grid points is obtained in 38
min. The computational results compare well with available experimental data.

I. Introduction

INCE the computational requirements for direct simula-

tion of turbulent flows about complex three-dimensional
geometries are still beyond the reach of the most powerful
supercomputers, most numerical algorithms developed so far
focus on the solution of the Reynolds-averaged Navier-Stokes
equations, which can be obtained by ensemble averaging of
rapidly fluctuating components. The governing equations of
fluid flows can be integrated by either explicit or implicit
methods. Although explicit schemes have been successful in
solving the Euler equations for inviscid flows, the efficiency of
explicit schemes in solving the Navier-Stokes equations is lim-
ited by the Courant-Friedrichs-Lewy condition, which is espe-
cially restrictive when the computational grid is highly clus-
tered to resolve the viscous boundary layer. When the time
step limit imposed by an explicit stability bound is signifi-
cantly less than the accuracy requirement, implicit schemes are
often preferred. However, the tradeoff between a decreased
number of iterations and an increased operation count per
iteration for the implicit methods must be considered. The
fastest convergence rate may be attained by an unfactored
implicit scheme that directly inverts a large block banded
matrix using Gaussian elimination. Such a scheme is impracti-
cal in three dimensions because of the rapid increase of the
number of operations as the number of mesh points increases
and because of the large memory requirement.

Yoon and Jameson!- introduced an implicit algorithm
based on a lower-upper factorization and Gauss-Seidel relax-
ation for the Euler and Navier-Stokes equations. Since then,
the lower-upper symmetric-Gauss-Seidel (LU-SGS) scheme
has been successfully implemented by many researchers.
Shuen and Yoon* applied the method to supersonic combus-
tion ramjet problems for the National Aero-Space Plane to
take advantage of the algorithm’s property that reduces the
size of the matrix for reacting flows with finite rate chemistry.
The resulting computer program RPLUS was named after the
original perfect gas code PLUS (Program using LU
Schemes).! A variation of the PLUS code, IPLUS, was ap-
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plied to internal flows through turbomachinery cascades in
conjunction with an interactive grid generation technique by
Choo et al.’ Another variant, HPLUS, demonstrated the ro-
bustness of an LU scheme at high Mach numbers.® Rieger and
Jameson’ developed a three-dimensional code based on an
early version of the PLUS code and applied it to Hermes, the
European space shuttle. Yu et al.? extended the RPLUS code
to three dimensions. Coirier’ developed a finite difference
version of the RPLUS code for corner and gap-seal calcula-
tions. However, the accuracy and efficiency of the preceding
codes have been limited by the artificial viscosity model.!°

Yoon and Kwak!l'2 proposed that a variety of schemes
could be constructed in the framework of the LU-SGS al-
gorithm by different choices of Jacobian matrices of flux
vectors and numerical dissipation models. The computer code
CENS2D (Compressible Euler and Navier-Stokes) was written
to study the effects of different dissipation models. It was
observed that the blended first- and third-order mode! was the
least accurate, whereas the flux-difference-split upwind-biased
model was not only the most expensive but the least robust
when the grid lines were not aligned with strong bow shock
waves. It was concluded in the study that the flux-limited
dissipation model was a practical alternative to upwind
schemes because of its robustness, efficiency, and accuracy for
high-speed external flows. Recently, promising results were
reported using upwind-biased and total variation diminishing
schemes with the LU-SGS implicit scheme. These results in-
clude the findings of Obayashi!® for underexpanded plumes,
Chen et al.' for forward-flight rotor flow, Loh and Golaf-
shani’® for flows in hybrid rocket motors, Yungster'®¢ for
shock wave and boundary-layer interactions, and Imlay and
Eberhardt!? for flows past the Aeroassist Flight Experiment
vehicle. In the meantime, the CENS2D code has been ex-
tended by Park and Yoon!'®2 to compute thermochemical
nonequilibrium in hypersonic external flows using a multiple
temperature model.

Although conventional implicit methods often achieve fast
convergence rates, they suffer from greater computer time per
iteration than explicit methods. The LU-SGS implicit scheme
offers a potential for very low computer time per iteration as
well as fast convergence. High efficiency can be achieved by
accomplishing the complete vectorizability of the algorithm on
oblique planes of sweep in three dimensions.?! It has been
demonstrated that the LU-SGS scheme requires less computa-
tional work per iteration than most existing schemes on a Cray
YMP supercomputer in the case of three-dimensional viscous
incompressible flows. One of the objectives of the present
work is to provide standard performance figures that the
LU-SGS scheme can achieve for three-dimensional compress-
ible flows in conjunction with the flux-limited dissipation
model by developing a new testbed code named CENS3D.
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II. Navier-Stokes Equations

Let ¢ be the time; p p, and T the density, pressure, and
temperature respectively; u, v, and w the velocity components
in Cartesian coordinates (x, y, z); O the vector of conserved
varlables, E, F, and G be the convective flux vectors; and E,,
F,, and G, the flux vectors for the viscous terms. Then the
three-dimensional Navier-Stokes equations in generalized
curvilinear coordinates (£, », {) can be written as

3Q+E-E)+03,F-F)+3G-6)=0 (1)

The flux vectors for compressible and incompressible flows
are different. The flux vectors for compressible flow are

o pU
pu pUu + £4p
O=h|pv|, E=h|pUv+gp
W pUw + &.p
e Ue +p)
2
oV oW
pVu +nyp pWu + (o
F=h| pWw+unp|, G=h|pWv+ip
oVw +n.p pPWW + &b
V(e + p) Wi(e + p)

where e is the total energy. The contravariant velocity compo-
nents U, V, and W are defined as

U=%&u +Ev +Ew
V =nu +nv +qw 3)
W=¢u+ v+ &w

The equation of state is needed to complete the set of equa-
tions for compressible flow:

p =~ Dle — Yapu?+v? + w?] @
where v is the ratio of specific heats. In the following equation

h is the determinant of the inverse of transformation Jacobian
matrix:

X Xy Xp
h= 1y », ¥ )
2 Zy Zp

The flux vectors for incompressible flow can be written in a
similar way if the pseudocompressibility formulation?! is used.
In a finite volume formulation, 4 is identical to the mesh cell
volume. The viscous flux vectors are

Ev = h[ngv + gva + SZGV]

Fv = h[")xEv + 7]va + ﬂva] (6)

Gv = h[gaxEv + g‘va + g-va]

Their Cartesian components are

UTee + VToy + W7y + k0, T

F, = Tyy @)
Tyz
Luryx + V1, + Wy, + k8,T
- 0 -
T
G, = Ty

T2z
UTy + VTy + Wy + k0,T

where
o = 2p0xU — Y3u(@xu + 3,V + 3.w)
Tyy = 240,V — Yu(0xut + 3,V + 3. W)

Ter = 2p0; W — YBu(0xu + 0,V + 9, W)
®
Ty = Tyx = p(3yU + 3,V)
Tag = Tox = w074 + 0, W)

Tyy = Tgy = p(0V + 0, W)

where the coefficient of viscosity u and the coefficient of
thermal conductivity k£ are decomposed into laminar and tur-
bulent contributions:

Bo= gt &)

Y [ e
k=—"\—+— 10
Y — I(PI' 1 Pr, ,«) ( )
where Pr; and Pr, denote laminar and turbulent Prandtl num-
bers.
Whereas the Euler equations can be obtained by neglecting
the viscous terms, the thin-layer Navier-Stokes equations can

be obtained by retaining the viscous flux vector in the direc-
tion normal to body surfaces.

HI. Implicit Methods

The governing equations are integrated in time for both
steady and unsteady flow calculations. For a steady-state solu-
tion the use of a large time step leads to fast convergence. For
a time-accurate solution it is desirable that the time step is
determined by the physics rather than the numerics. An unfac-
tored implicit scheme can be obtained from a nonlinear im-
plicit scheme by linearizing the flux vectors about the previous
time step and dropping terms of the second and higher order:

[ + aAt(D;A + D,B + DCOWSO = — AR (11)
where R is the residual:
R =Dy{(E -E)+D,F —F,)+D{G - G,) (12)

and 7 is the identity matrix. The expression 6Q is the correction
Qn+! — Qn, where n denotes the time level. Dy, D,, and D; are
difference operators that approximate d;, d,, and 9,. A, B, and
C are the Jacobian matrices of the convective flux vectors:

A=—, B=—, C= 13)

| @
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For compressible flow,

0 £
£4-Uu U-¢&u(y-2)
A=|54-Uv &v-Eu@y-1
£4-Uw &w—Eu(y—1)
U@G@-h) &h—Uu(y-1)

& £ 0
Gu—&vly—-1) &Gu—-&Hwy—1) &LGy—D
X | U=&viv=2) &v-Lwhy-D §{ir—D
Ew—Evly-1) U-&wly-2) &O-D

HER-Uv(y-1) &R ~-Uwiy~1) Uy
where
q=7;1(u2+v2+w2) (14)
h=(e+p)p (15)

The matrices B and C are similarly derived. Although the
direct inversion method seems to be competitive with approxi-
mate factorization methods in the overall computing time in
two dimensions,?? direct inversion of a large block banded
matrix of the unfactored scheme (11) appears to be impractical
in three dimensions, as stated earlier.

To alleviate this difficulty, many investigators have focused
on indirect methods. The popular alternating direction im-
plicit (ADI) scheme by Beam and Warming?® or Briley and
McDonald?* replaces the implicit operator of the unfactored
scheme by a product of three one-dimensional operators:

(I + aAtD AT + aAtD,BYI + aAtDC)sQ = — AtR (16)

The ADI scheme, which is unconditionally stable in two di-
mensions, becomes unstable in three dimensions, although
numerical dissipation conditionally stabilizes the method. Be-
cause of three factors, the ADI scheme also introduces the
error terms of (Af)’. The large factorization error associated
with this scheme further reduces the rate of convergence.
Despite these drawbacks, the ADI scheme has been successful
due to the reduction of cost by the diagonalization of Jacobian
matrices by Pulliam and Chaussee.?*> Obayashi and Kuwa-
hara?6 developed a scheme by replacing each factor with bidi-
agonal LU factors:

(d + aAtD7 A* )T + aAtDF A )T + «AtD]B™)
X (I + aAtD}B-)I + aAtD; C*)(UI + aAtD € )80
= — AR 17)

Stability and convergence characteristics of the LU-ADI
scheme appear to be similar to the ADI scheme.

The factorization errors of two-factor schemes, which are
of order (Af)?, are lower than the ADI scheme. Two-factor
schemes can also be stable in three dimensions. Steger pro-
posed a two-factor scheme?”-*® by partially splitting the flux
vectors:

U+ aAt(DF A+ + DB + aAt(D; A~ + D.C)SQ
= —At(D7E* + DfE~ + D,F + D:G) 18)

The scheme was incorporated in the F3D code®®:? and the
CNS code.?® The partially flux-split scheme is more expensive

than the diagonalized ADI scheme because of block tridiago-
nal inversions.

An alternative two-factor scheme is based on an lower-up-
per (LU) factorization proposed by Steger and Warming?’ and
Jameson and Turkel’!:

LUSQ = — AR 19
where

L=1I+alt(D;A*+D; B*+D;C*)
(20
U=I+abt(D;A- +DB-+D;C")
where D;", D", and D, are backward difference operators,
and D, D", and D;* are forward difference operators. De-
spite its early introduction in the late 1970s, the LU scheme
had not been used until it was independently implemented by
Buning and Steger,3? Whitfield,?* Buratynski and Caughey,**
and Jameson and Yoon.2>? The cost of the LU scheme is more
expensive than the diagonalized ADI scheme because of block
diagonal inversions.

MacCormack?? introduced an implicit line relaxation method
based on back-and-forth symmetric sweeps in conjunction
wtih upwind flux splitting. Although the line Gauss-Seidel
relaxation method allowed significant increase of work per
iteration compared to approximate factorization schemes due
to multiple block tridiagonal inversions and sequential opera-
tions, it achieved very fast convergence rates. In fact, all of the
implicit schemes mentioned earlier require much larger com-
putational work per iteration than explicit schemes.

Yoon and Jameson! derived a new implicit algorithm by
combining the advantages of LU factorization and SGS relax-
ation. The LU-SGS scheme has quite different L and U factors
from those of the LU scheme. Unlike the line SGS relaxation
scheme, no additional relaxation or factorization is required
on planes of sweep. The LU-SGS scheme can be written as

LD-'USQO = — AR 1)

where

L=I+aAt(D;A*+D /B*+D;C*-A--B--C")
D=I+aAt(A* -A-+B*-B +C+-C") (22

U=I+adt(DfA-+D}B-+DfC~+A*+B+*+C")

In the framework of the LU-SGS algorithm, a variety of
schemes can be developed by different choices of numerical
dissipation models and Jacobian matrices of the flux vectors.!!
The matrix should be diagonally dominant to ensure conver-
gence to a steady state. Jacobian matrices leading to diagonal
dominance are constructed so that + matrices have nonnega-
tive eigenvalues, whereas — matrices have nonpositive eigen-
values. For example,

A* = TAFT
B =T AT @3)
(jd: = Tg—A; ngl

where T; and T; ! are similarity transformation matrices of
the eigenvectors A. Another possibility is to construct Jaco-
bian matrices of the flux vectors approximately to yield
diagonal dominance:

Ax =4 £p(A)

Ei

WIB = (B 24)

C‘ﬂ:

KIC = 5(O)]
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where, for example,
#(A) = k max[INA) ] 25)

where N(A) represents eigenvalues of the Jacobian matrix 4,
and « is a constant that is = 1. Stability and convergence can
be controlled by adjusting « either manually or automati-
cally as the flowfield develops. The diagonal matrix of eigen-
values is

Uu o o 0 0
0 U 0 0 0
Ad)=|0 0 U 0 0 (26)
0 0 0 U+C 0
0 0 O 0 U-¢C
and
Ci=cVBE+E+E @7
where c¢ is the speed of sound:
c= /2 (28)
o

In the early days of development of codes such as the PLUS
series, Eq. (21) was inverted in three steps:

80* = — AtDR
80** = L~'Q* 29
5Q = U—IQ‘**

This is not a mathematically correct procedure, although no
difference in the solution or convergence has been observed
when D is a scalar diagonal matrix. The correct order used in
INS3D-LU and CENS3D codes is

80* = — AtL 'R
8Q** = DO* (30)
5Q — U—IQ**

It is interesting to note that the need for block inversions along
the diagonals can be eliminated if we use the approximate
Jacobian matrices of Eq. (24). Setting « = 1 and Af = oo yields
a Newton-like iteration. Although a quadratic convergence of
the Newton method cannot be achieved because of the approx-
imate factorization, a linear convergence can be demon-
strated. That is why the term Newton-like instead of Newton
is used to distinguish the differences. The use of Newton-like

P(ipoint, iplane) = P(i, j, k)

Fig. 1 Oblique plane of sweep for vectorization.

iteration offers a practical advantage in that one does not have
to find an optimal Courant number or time step to reduce the
overall computer time. If two-point one-sided differences are
used, Eq. (22) reduces to

L =pI - Ait Lik — Ei,-;— Lk~ éi,;’,k—l

D=5l 31
U=pl+A;, 1k T+ éi;+ Lkt éi,;,k+l
where
= p(A) + B(B) + p(C) (32)
In the inversion process, A,% | ; is multiplied by 60/ 1 ;«, for

example. The algorithm permits scalar diagonal inversions
since

(=]
o o
S o O

diag(L or U)= (33)

O O o O T
S O O™
[« R 1

O W

T O O O O

The use of the true Jacobian matrices of Eq. (23), which might
lead to a faster convergence rate, requires block diagonal
inversions and hence approximately doubles the computa-
tional work per iteration. Another interesting feature of the
present algorithm is that the scheme is completely vectorizable
on i +j + k = const oblique planes of sweep, which is illus-
trated in Fig. 1. This is achieved by reordering the three-di-
mensional arrays into two-dimensional arrays, i.e.,

QO(ipoint, iplane) = O, j, k) 34)

where iplane is the serial number of the oblique plane to be
swept, and ipoint is the address on that plane. The present
algorithm may also be amenable to parallel processing.

IV. Numerical Dissipation
A semidiscrete finite volume method is used to ensure that
the final converged solution be independent of the time step
and to avoid metric singularity problems. The finite volume
method is based on the local flux balance of each mesh cell.
For example,

3gE + BT,F + afé =E;, Vidok ™ E;_ vigk T Fi,j+ Vak
- Fi,j— vk T Gi,j,k+ vi = éi,j,k— v (35)

A central difference scheme achieves the second order accu-
racy in the most efficient way when the flowfield is free of
discontinuous solutions. However, numerical dissipation
models are added to nondissipative central difference schemes
to suppress the tendency for odd and even point decoupling.
Dissipation models are often called “‘filters’’ since they work
like low pass filters that damp out high-frequency modes. The
dissipative flux d is added to the convective flux in a conserva-
tive manner:

Eiv vk = Ei g ¥ Fijuvek = Fijovip + Gijier
~Gijk-w)— ivujk — i vk + dijavix — dij_ ik
+dijern = diji-n) (36)

For simplicity, d; . 1« is denoted by d;. , hereafter.

It has long been recognized that characteristic-based up-
wind-biased schemes can demonstrate crisp resolution of dis-
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continuities. This is especially so when the flux-difference
splitting scheme replaces Godunov’s exact solution of the
Riemann problem with an approximate solution, while distin-
guishing between the influence of forward and backward mov-
ing waves. High-order upwind schemes can be constructed by
using multipoint extrapolation formulas to estimate the nu-
merical flux, or by adding higher-order dissipative terms. In
either case flux limiters are then added to control the signs of
the coefficients of a semidiscrete approximation to the hyper-
bolic system of equations. The dissipative coefficient for a
system of equations must be a matrix to meet the requirement
of upwinding. It is sometimes necessary to add artificial dissi-
pation in the form of entropy correction to avoid instabilities.
Considering the additional cost and reduced robustness of the
upwind-biased scheme when the grid lines are not aligned with
strong shock waves,!! it seems that the flux-limited dissipation
model with scalar coefficients can be a practical alternative to
upwind dissipation with matrix coefficients, especially when
the uncertainty of the solution due to a turbulence model is
relatively large.

In the flux-limited dissipation model, the dissipative flux is
constructed by introducing flux limiters into the high-order
terms instead of adding low-order terms:

div = =0yl Deir32 — 26, + Yodei -] (37)

where ¢ and y are flux limiting functions to limit antidiffusive
fluxes:

0 if o<0
plo)=|o if 0=<so=<1 (38)
1 if o>1
and
¥(o) = ¢(1/0) (39)
Here,
g = Szt (40)
€iv v
and
e =0i1-0; 1)

If we write 6 = b/a, then
¢(0)a = min-mod(a, b) (42)

where min-mod(a, b) is zero if a and b have opposite signs,
and min-mod(g, b) is the smaller of @ and b if a and b have the
same sign:

i = (ko + k1P )P (A)is v, 43)

where the constant «y determines a threshold, and the constant
k; is chosen to ensure that there is enough dissipation to
suppress numerical oscillations in the neighborhood of shock
waves. The expression r(A) denotes the spectral radius of the
Jacobian matrix A, and ?;, 1, is a sensor:

Py = max(v;, 1, ¥) (44
where

v; = max(#f, v]) 45)

|piv1—2p; + Di_ ]
_— Ditv1 Di Di-1 (46)

Wis1+ 2 +piy)

| T — 2T + T 4|
pI =i : “7)

T (T 2T+ Tl y)

where p and T are the pressure and the temperature, respec-
tively.

V. Results

The LU-SGS algorithm can be completely vectorized, and
its efficiency is demonstrated by the CENS3D code on a Cray
YMP supercomputer at NASA Ames Research Center. The
CENS3D code requires only 9-us per grid point per iteration
for the thin-layer option of the Navier-Stokes equations with
an algebraic turbulence model on a single processor at the
sustained rate of 175 MFLOPS. Approximately 55, 20, and
20% of the computing time are spent for the implicit matrix
operation, the numerical dissipation, and the evaluation of
viscous fluxes, respectively. It is interesting to note that the
LU-SGS scheme requires less computational work per itera-
tion than some explicit schemes. Based on experience with
INS3D-LU, an incompressible flow code that employs the
LU-SGS scheme and achieved 1.2 GFLOPS using eight pro-
cessors,3® the CENS3D is expected to perform very well on
shared-memory multiple processors. In a recent study,”’ the

il

N\
N\ e

\

Wiiezz
! !Hu,t,’!””’!’/”f =

_
N
N

[

it

%
2

iy,

I
A
\\\\§ hij

N
\

i \\“ﬁi’i‘\
I \ .
TONARRSE g
7 \\\\\\\:"‘;“‘
0

=

N
[N

N

N
S

N

N

=

i
iy

Fig. 2 Computational grid for NACA 64A010

Jh il
/] T
L | il

£

ing.

Convergence History

Residual

10 \\\
-3,

10 4 500 1000 1500 2000
[terations
Fig.3 Convergence history for NACA 64A010 wing.

Fig. 4 Pressure contours for NACA 64A010 wing.



2658 YOON AND KWAK: IMPLICIT NAVIER-STOKES SOLVER

Cp at 50% Span

A Y
Q 7// \
0.0 ™

~—— Present
» Experiment
-~ -« Chaderfian

-1.0 T
00 02 0.4 0.6 0.8 1.0

Chord
Fig.5 Cp at 50% span for NACA 64A010 wing.

Cp at 77% Span

L 05 N

— Presemt
» Experiment
---- Chaderjian

0.0 02 014 0.6 0.8 1.0
Chord
Fig.6 Cp at 77% span for NACA 64A010 wing.

Cp at 94% Span

1.5

0.5

0.0 ‘/K

-0.5

-Cp

- Present
& Experiment
- - - Chaderjian

-1.0 T
00 02 0.4 0.6 0.8 1.0

~ Chord
Fig. 7 Cp at 94% span for NACA 64A010 wing.

LU-SGS algorithm outperformed the existing implicit schemes
on a massively parallel computer such as the Connection Ma-
chine CM-2.

To validate the new CENS3D code, calculations have been
performed for an NACA 64A010 wing. The thickness-to-
chord ratio of the wing, which has an aspect ratio of 4, has
been modified to 10.6%. The experiment was conducted by
Mabey et al.’® in the RAE 8 x 8 ft wind tunnel. The model was
mounted on a fuselage-like body to displace it slightly from
the wind tunnel wall and its boundary layer. However, no
attempt has been made here to model the test section. A
151 x39x 39 C-H mesh (229,671 points) generated by
Chaderjian and Guruswamy? is used for the present calcula-
tion. Figure 2 shows a partial view of the computational grid.
The freestream conditions are Mach 0.8, Reynolds number
2.4 x 10%, and 0 deg angle of attack. The algebraic turbulence
model by Baldwin and Lomax* is employed for mathematical
closure of the Reynolds-averaged Navier-Stokes equations.
Original coefficients are used except C,;, and the coefficient
for Fy.. is set to 1 instead of 0.25, as done in Ref. 39. The y *
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values at the first mesh cell, which are adjacent to the wing
surface near the midspan, are ~ 2. The convergence history in
Fig. 3 shows that the root-mean-squared residual of the conti-
nuity equation drops three orders of magnitude in about 340
iterations, or 12 CPU minutes. Pressure contours are shown in
Fig. 4. The computed pressure coefficients are compared with
experimental data and the numerical solution of Chaderjian
and Guruswamy?® in Figs. 5-7. Their code uses a finite differ-
ence discretization, artificial dissipation using blended second
and fourth differences, a diagonalized ADI scheme, and the
Baldwin-Lomax turbulence model. Figures 5-7 correspond to
C, comparisons at 50, 77, and 94% semispan stations, respec-
tively. Values at the leading and trailing edges are not avail-
able for plotting because flow variables are located at cell
centers. Overall agreement between the two numerical solu-
tions is seen to be good despite the differences in numerical
formulation. The slight discrepancy between the experimental
data and the numerical solutions may be due to effects of the
fuselage-like body at the wing root and the wind tunnel wall
that are not modeled in the numerical simulations.
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For additional validation of the code, transonic flow calcu-
lations have been carried out for an ONERA M6 wing. A
289 x 50 x 44 C-H mesh (635,800 points) is used as a fine grid.
The distance of the first grid point from the wing surface is
1.0 x 10~7 chord length of the root section. The freestream
conditions are Mach 0.8395, Reynolds number 1.5 x 107, and
3.06 deg angle of attack. The Baldwin-Lomax turbulence
model is used again for the attached flow simulation. The
residual drops to three orders in about 380 iterations, or 38
CPU minutes on the fine grid. In the present implementation,
implicit viscous terms are not included to avoid the increase of
computational work per iteration. To investigate the effect of
this compromise on the convergence rate, a grid-convergence
study has been performed. Figure 8 shows the convergence
histories on both a fine grid and a 171 x 25 x 44 (188,100
points) coarse grid. Although the number of grid points
needed to resolve the viscous boundary layer is doubled, the
convergence is seen to be slowed by only 20%. Figures 9 and
10 show a good agreement between experimental data®' and
the pressure coefficients at 44 and 65% semispan stations
computed on the fine grid.

Conclusions

A three-dimensional numerical method based on the LU-
SGS implicit scheme in conjunction with the flux-limited dissi-
pation model is developed for simulating viscous turbulent
compressible flows. Good performance of the new testbed
code is demonstrated on a Cray YMP computer. Despite its
reasonably fast convergence, the LU-SGS scheme requires
very low computational time per iteration. The present three-
dimensional Navier-Stokes solution of a high Reynolds num-
ber flow using 636K grid points is obtained in 38 min.
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